ILLUMINATION SYSTEMS UTILIZING LIGHT EMITTING DIODES AND LIGHT 
RECYCLING TO ENHANCE OUTPUT RADIANCE 

CROSS REFERENCE TO RELATED APPLICATION 
[0001] This application is a continuation-in-part of U.S. Patent Application Ser. No. 
10445136 entitled "ILLUMINATION SYSTEMS UTILIZING HIGHLY REFLECTIVE LIGHT 
EMITTING DIODES AND LIGHT RECYCLING TO ENHANCE BRIGHTNESS," which is 
herein incorporated by reference. This application is also related to U.S. Patent Application Ser. 

No. entitled "ILLUMINATION SYSTEMS UTILIZING MULTIPLE WAVELENGTH 

LIGHT RECYCLING" and to U.S. Patent Application Ser. No. entitled 

"PROJECTION DISPLAY SYSTEMS UTILIZING LIGHT EMITTING DIODES AND LIGHT 
RECYCLING," both of which are filed concurrently with this application and which are herein 
incorporated by reference. 

TECHNICAL FIELD 
[0002] This invention relates to illumination systems incorporating light-emitting diodes 
(LEDs). Light-emitting diodes include inorganic light-emitting diodes and organic light-emitting 
diodes (OLEDs). 

BACKGROUND OF THE INVENTION 
[0003] Illumination systems are used as either stand-alone light sources or as internal light 
sources for more complex optical systems. Examples of optical systems that utilize or 
incorporate illumination systems include projection displays, flat-panel displays, avionics 
displays, automotive lighting, residential lighting, commercial lighting and industrial lighting 
applications. 

[0004] Many applications require illumination systems with high brightness and a small 
effective emitting area. An example of a conventional light source with high brightness and a 
small effective emitting area is an arc lamp source, such as a xenon arc lamp or a mercury arc 
lamp. Arc lamp sources may have emitting areas as small as a few square millimeters. An 
example of a complex optical system that can utilize an illumination system with high brightness 
and a small effective source area is a projection television display. Current projection television 
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displays typically project the combined images of three small red, green and blue cathode-ray- 
tube (CRT) devices onto a viewing screen using projection lenses. More recent designs 
sometimes use a small-area arc lamp source to project images from a liquid crystal display 
(LCD), a liquid-crystal-on-silicon (LCOS) device or a digital light processor (DLP) device onto a 
viewing screen. Light sources such as LEDs are currently not used for projection television 
displays because LED sources do not have sufficient output brightness. 
[0005] The technical term brightness can be defined either in radiometric units or 
photometric units. In the radiometric system of units, the unit of light flux or radiant flux is 
expressed in watts and the unit for brightness is called radiance, which is defined as watts per 
square meter per steradian (where steradian is the unit of solid angle). The human eye, however, 
is more sensitive to some wavelengths of light (for example, green light) than it is to other 
wavelengths (for example, blue or red light). The photometric system is designed to take the 
human eye response into account and therefore brightness in the photometric system is 
brightness as observed by the human eye. In the photometric system, the unit of light flux as 
perceived by the human eye is called luminous flux and is expressed in units of lumens. The unit 
for brightness is called luminance, which is defined as lumens per square meter per steradian. 
The human eye is only sensitive to light in the wavelength range from approximately 400 
nanometers to approximately 700 nanometers. Light having wavelengths less than about 400 
nanometers or greater than about 700 nanometers has zero luminance, irrespective of the 
radiance values. 

[0006] In U.S. Patent Application Ser. No. 10445136, brightness enhancement referred to 
luminance enhancement only. Since luminance is non-zero only for the visible wavelength range 
of 400 to 700 nanometers, U.S. Patent Application Ser. No. 10445136 is operative only in the 
400- to 700-nanometer wavelength range. In the present application, however, brightness 
enhancement refers to radiance enhancement and is valid for any wavelength throughout the 
optical spectrum. 

[0007] In a conventional optical system that transports light from an input source at one 
location to an output image at a second location, one cannot produce an optical output image 
whose radiance is higher than the radiance of the light source. A conventional optical system 10 
of the prior art is illustrated in cross-section in FIG. 1A. In FIG. 1A, light rays 18 from an input 
light source 12 are focused by a convex lens 14 to an output image 16. The conventional optical 
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system 10 in FIG. 1A can also be illustrated in a different manner as optical system 20 shown in 
cross-section in FIG. IB. For simplicity, the input source 22, the lens 24 and the output image 
26 are all assumed to be round. In FIG. IB, the input source 22 has area, Area in . The light rays 
from input source 22 fill a truncated cone having edges 21 and 23. The cone, which is shown in 
cross-section in FIG. IB, extends over solid angle 27. The magnitude of solid angle 27 is Qj n . 
Lens 24 focuses the light rays to image 26 having area, Area^t. The light rays forming the 
image 26 fill a truncated cone having edges 25 and 29. The cone, which is shown in cross- 
section, extends over solid angle 28. The magnitude of solid angle 28 is Q out . 
[0008] If the optical system 20 has no losses, the light input flux at the input source 22, 

Ojn=(Radiancejn)(Areaj n )(Qjn), [Equation 1] 

equals the light output flux at the output image 26, 

OouKRadianceoutXAreaoutXQout). [Equation 2] 

In these equations, "Radiance in " is the radiance at the input source 22, "Radiance ou t" is the 
radiance at the output image 26, "Area in " is the area of the input source 22 and "Areaout" is the 
area of the output image 26. The quantities Q in and Q ou t are, respectively, the projected solid 
angles subtended by the input source and output image light cones. In such a lossless system, it 
can be shown that 

Radiancein=Radiance ou t [Equation 3] 

and 

(Area in )(Qin)=(Areaout)(^out). [Equation 4] 

If the index of refraction of the optical transmission medium is different at the input source and 
output image positions, the equality in Equation 4 is modified to become 

(n in 2 )(Areain)(Qin)=(nout 2 )(Areaout)(f2 0 ut), [Equations] 
where nj n is the index of refraction at the input position and n ou t is the index of refraction at the 
output position. The quantity (n 2 )(Area)(Q) is variously called the "etendue" or "optical extent" 
or "throughput" of the optical system. In a conventional lossless optical system, the quantity 
(n 2 )(Area)(Q) is conserved. 

[0009] In US Patent No. 6,144,536, herein incorporated by reference, Zimmerman et al 
demonstrated that for the special case of a source that has a reflecting emitting surface, an optical 
system can be designed that recycles a portion of the light emitted by the source back to the 
source and transmits the remainder of the light to an output position. Under certain conditions 
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utilizing such light recycling, the effective luminance of the source as well as the output 
luminance of the optical system can be higher than the intrinsic luminance of the source in the 
absence of recycling, a result that is not predicted by the standard etendue equations. In US 
Patent No. 6,144,536, the term "luminance" is used for brightness. As previously stated, the 
term "luminance" is only useful for visible optical wavelengths between 400 and 700 
nanometers. Therefore US Patent No. 6,144,536 is operative only in that spectral region. 
[0010] An example of a light source with a reflecting emitting surface is a conventional 
fluorescent lamp. A cross-section of a conventional fluorescent lamp 30 is shown in FIG. 2A. 
The fluorescent lamp 30 has a glass envelope 32 enclosing a hollow interior 36. The hollow 
interior 36 is filled with a gas that can emit ultraviolet light when a high voltage is applied. The 
ultraviolet light excites a phosphor coating 34 on the inside surface of the glass envelope, 
causing the phosphor to emit visible light through the phosphor coating 34. The phosphor 
coating 34 is a partially reflecting surface in addition to being a light emitter. Therefore, it is 
possible to design an optical system that recycles a portion of the visible light generated by the 
phosphor coating 34 back to the coating 34 and thereby cause an increase in the effective 
brightness of the conventional fluorescent lamp. 

[0011] The disclosures on light recycling in US Patent No. 6,144,536 relate to linear light 
sources that have long emitting apertures with aperture areas greater than 100 square millimeters 
(mm ). Such configurations, which typically use fluorescent lamps as light sources, are not 
suitable for many applications such as illumination systems for large projection displays. At the 
application date for US 6,144,536, a typical LED had an output of only 1 lumen per square 
millimeter (mm 2 ) and a light reflectivity of less than 20%. To make an illumination system that 
produces 1000 lumens output for a projection display would require at least 1000 LEDs having a 
total LED surface area of 1000 mm 2 . If 1000 low-reflectivity, low-output LEDs are placed on 
the inside surface of a light-recycling envelope that has a 10 mm 2 output aperture and that has a 
total inside area of 1010 mm 2 (including the area of the output aperture), the overall output 
efficiency will be less than 2%. Less than 20 lumens from the original 1000 lumens will exit the 
light-recycling envelope. Such an illumination system is not very practical. 
[0012] Recently, highly reflective green, blue and ultraviolet LEDs and diode lasers based on 
gallium nitride (GaN), indium gallium nitride (InGaN) and aluminum gallium nitride (AlGaN) 
semiconductor materials have been developed. Some of these LED devices have high light 
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output, high radiance and have a light-reflecting surface that can reflect at least 50% of the light 
incident upon the device. The reflective surface of the LED can be a specular reflector or a 
diffuse reflector. Typically, the reflective surface of the LED is a specular reflector. Radiance 
outputs close to 7000 watts per square meter per steradian and total outputs of approximately 
0.18 watt from a single packaged device are possible. Light outputs per unit area can exceed 
0.045 watt/mm 2 . As such, several new applications relating to illumination systems have 
become possible. Advantages such as spectral purity, reduced heat, and fast switching speed all 
provide motivation to use LEDs and semiconductor lasers to replace fluorescent, incandescent 
and arc lamp sources. 

[0013] FIGURE 2B illustrates a cross-sectional view of a recently developed type of LED 40 
that has an emitting layer 46 located below both a transparent top electrode 43 and a second 
transparent layer 44. Emitting layer 46 emits light rays 45 when an electric current is passed 
through the device 40. Below the emitting layer 46 is a reflecting layer 47 that also serves as a 
portion of the bottom electrode. Electrical contacts 41 and 42 provide a pathway for electrical 
current to flow through the device 40. It is a recent new concept to have both electrical contacts 
41 and 42 on the backside of the LED opposite the emitting surface. Typical prior LED designs 
placed one electrode on top of the device, which interfered with the light output from the top 
surface and resulted in devices with low reflectivity. The reflecting layer 47 allows the LED to 
be both a light emitter and a light reflector. Lumileds Lighting LLC, for example, produces 
highly reflective green, blue and ultraviolet LED devices of this type. It is expected that highly 
reflective red and infrared LEDs with high outputs and high radiance will also eventually be 
developed. However, even the new green, blue and ultraviolet gallium nitride, indium gallium 
nitride and aluminum gallium nitride LEDs do not have sufficient radiance for many 
applications. 

[0014] LEDs, including inorganic light-emitting diodes and organic light-emitting diodes, 
emit incoherent light. On the other hand, semiconductor laser light sources, such as edge- 
emitting laser diodes and vertical cavity surface emitting lasers, generally emit coherent light. 
Coherent semiconductor laser light sources typically have higher brightness than incoherent light 
sources, but semiconductor laser light sources are not suitable for many applications such as 
displays due to the formation of undesirable speckle light patterns that result from the coherent 
nature of the light. 



5 



[0015] It would be highly desirable to develop incoherent illumination systems based on 
LEDs that utilize light recycling to increase the illumination system output radiance. Possible 
applications include projection displays, flat-panel displays, avionics displays, automotive 
lighting, residential lighting, commercial lighting and industrial lighting. 

SUMMARY OF THE INVENTION 
[0016] This invention is an illumination system that is comprised of a light source, a light- 
recycling envelope and at least one light output aperture. The light source is at least one light- 
emitting diode that emits light. The at least one light-emitting diode is further comprised of an 
emitting layer that emits light and a reflecting layer that has reflectivity R s and that reflects light. 
The total light-emitting area of the light source is area As and the light emitted by the light 
source has a maximum intrinsic source radiance. 

[0017] The light-recycling envelope at least partially encloses the light source and has 
reflectivity R E . The light-recycling envelope reflects and recycles part of the light emitted by the 
emitting layer back to the reflecting layer of the light-emitting diode. 
[0018] The at least one light output aperture is located in a surface of the light-recycling 
envelope. The total light output aperture area is area Ao and area Ao is less than area As. The 
light source and the light-recycling envelope direct at least a fraction of the light out of the light- 
recycling envelope through the at least one light output aperture. The fraction of the light that 
exits the at least one light output aperture exits as incoherent light having a maximum exiting 
radiance. Under some conditions utilizing light recycling, the maximum exiting radiance is 
greater than the maximum intrinsic source radiance of the light source. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0019] A more complete understanding of the present invention, as well as other objects and 
advantages thereof not enumerated herein, will become apparent upon consideration of the 
following detailed description and accompanying drawings, wherein: 

[0020] FIGS. 1A and IB are cross-sectional side views of conventional optical systems of 
the prior art. 

[0021] FIGS. 2 A and 2B are cross-sectional views of prior art light sources that have both 
emitting and reflecting surfaces. 
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[0022] FIGS. 3 A, 3B, 3C, 3D and 3E illustrate an embodiment of this invention that has one 
light-emitting diode. 

[0023] FIG. 4 is an embodiment of this invention in which the light-recycling envelope is 
partially filled with a light-transmitting solid. 

[0024] FIG. 5 is an embodiment of this invention that further comprises a planar reflecting 
polarizer. 

[0025] FIGS. 6A, 6B and 6C are embodiments of this invention that further comprise light- 
collimating elements. 

[0026] FIG. 7A is an embodiment of this invention that further comprises both a light- 
collimating element and a planar reflective polarizer. 

[0027] FIG. 7B is an embodiment of this invention that further comprises both a light- 
collimating element and a beam-splitting prism polarizer. 

[0028] FIG. 8 is an embodiment of this invention that comprises two light sources, two light- 
recycling envelopes, two light-collimating elements and a beam-splitting prism polarizer. 
[0029] FIGS. 9 A and 9B illustrate an embodiment of this invention that further comprises a 
light guide. 

[0030] FIGS. 10A, 10B and 10C illustrate an embodiment of this invention that has two 
light-emitting diodes. 

[0031] FIGS. 1 1 A, 1 IB and 1 1C illustrate an embodiment of this invention that has four 
light-emitting diodes. 

[0032] FIGS. 12A and 12B illustrate an embodiment of this invention that has twelve light- 
emitting diodes. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0033] The preferred embodiments of the present invention will be better understood by 
those skilled in the art by reference to the above FIGURES. The preferred embodiments of this 
invention illustrated in the FIGURES are not intended to be exhaustive or to limit the invention 
to the precise form disclosed. The FIGURES are chosen to describe or to best explain the 
principles of the invention and its applicable and practical use to thereby enable others skilled in 
the art to best utilize the invention. 
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[0034] The embodiments of this invention are comprised of at least a light source, a light- 
recycling envelope and a light output aperture located in the surface of the light-recycling 
envelope. 

[0035] The preferred light source of this invention comprises at least one light-emitting diode 
(LED). Preferred LEDs are inorganic light- emitting diodes and organic light-emitting diodes 
(OLEDs) that both emit light and reflect light. More preferred LEDs are inorganic light-emitting 
diodes due to their higher light output brightness. The light emitted by the light source is 
preferably greater that 200 nanometers in wavelength and less than 3000 nanometers in 
wavelength. 

[0036] Various illumination systems that utilize LEDs are illustrated in FIGS. 3-12. An LED 
depicted in FIGS. 3-12 may be any LED that both emits light and reflects light. Examples of 
LEDs that both emit and reflect light include inorganic light-emitting diodes and OLEDs. 
Inorganic light-emitting diodes can be fabricated from materials containing gallium nitride, 
aluminum gallium nitride, indium gallium nitride, aluminum nitride, aluminum indium gallium 
phosphide, gallium arsenide, indium gallium arsenide or indium gallium arsenide phosphide, for 
example, but are not limited to such materials. OLEDs may be constructed from a variety of 
light-emitting organic small molecules or polymers. Appropriate small molecules include, for 
example, tris (8-hydroxyquinoline) aluminum(III), which can be abbreviated as Alq3, and certain 
types of chelates, oxadiazoles, imidazoles, benzidines and triarylamines, but are not limited to 
such materials. Appropriate polymers include, for example, poly(ethylene dioxythiophene) and 
poly(styrene sulfonate). 

[0037] For purposes of simplifying the FIGURES, each LED in FIGS. 3-12 is illustrated in 
an identical manner and each LED is shown as being comprised of two elements, an emitting 
layer that emits light and a reflecting layer that reflects light. Note that typical LEDs are 
normally constructed with more than two elements, but for the purposes of simplifying the FIGS. 
3-12, the additional elements are not shown. Some of the embodiments of this invention may 
contain two or more LEDs. Although each LED in FIGS. 3-12 is illustrated in an identical 
manner, it is within the scope of this invention that multiple LEDs in an embodiment may not all 
be identical. For example, if an embodiment of this invention has a plurality of LEDs, it is 
within the scope of this invention that some of the LEDs may be inorganic light-emitting diodes 
and some of the LEDs may be OLEDs. As a further example of an illumination system having 
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multiple LEDs, if an embodiment of this invention has a plurality of LEDs, it is also within the 
scope of this invention that some of the LEDs may emit different colors of light. Example LED 
colors include, but are not limited to, wavelengths in the infrared, visible and ultraviolet regions 
of the optical spectrum. For example, one or more of the LEDs in a light-recycling envelope 
may be a red LED, one or more of the LEDs may be a green LED and one or more of the LEDs 
may be a blue LED. If an embodiment, for example, contains red, green and blue LEDS, then 
the red, green and blue LEDs may be powered concurrently to produce a single composite output 
color such as white light. Alternatively, the red, green and blue LEDs in this example may each 
be powered at different times to produce different colors in different time periods. 
[0038] Preferred LEDs have at least one reflecting layer that reflects light incident upon the 
LED. The reflecting layer of the LED may be either a specular reflector or a diffuse reflector. 
Typically, the reflecting layer is a specular reflector. Preferably the reflectivity Rs of the 
reflecting layer of the LED is at least 50%. More preferably, the reflectivity R s is at least 70%. 
Most preferably, the reflectivity R s is at least 90%. 

[0039] Each LED in FIGS. 3-8 and 10-12 is illustrated with an emitting layer facing the 
interior of the light-recycling envelope and a reflecting layer positioned behind the emitting layer 
and adjacent to the inside surface of the light-recycling envelope. In this configuration, light can 
be emitted from all surfaces of the emitting layer that are not in contact with the reflecting layer. 
It is also within the scope of this invention that a second reflecting layer can be placed on the 
surface of the emitting layer facing the interior of the light-recycling envelope. In the latter 
example, light can be emitted from the side surfaces of the emitting layer that do not contact 
either reflecting layer. A second reflecting layer is especially important for some types of LEDs 
that have an electrical connection on the top surface of the emitting layer since the second 
reflecting layer can improve the overall reflectivity of the LED. 

[0040] The total light-emitting area of the light source is area A s . If there is more than one 
LED within a single light-recycling envelope, the total light-emitting area A s of the light source 
is the total light-emitting area of all the LEDs in the light-recycling envelope. 
[0041] A light source, whether comprising one LED or a plurality of LEDs, has a maximum 
intrinsic source radiance that depends on the light source design and the driving electrical power 
applied to the light source. The maximum intrinsic source radiance is determined in the 
following manner. First, the radiance is measured for each LED in the light source when the 
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light-recycling envelope is not present and when no other LED is directing light to the LED 
under measurement. The measurements are done with each LED powered at the same level as in 
the illumination system and are done as a function of emitting angle. From these radiance 
measurements, a maximum radiance value can be determined for all the LEDs. This maximum 
value is defined as the maximum intrinsic source radiance. 

[0042] The light-recycling envelope of this invention is a light-reflecting element that at least 
partially encloses the light source. The light-recycling envelope may be any three-dimensional 
surface that encloses an interior volume. For example, the surface of the light-recycling 
envelope may be in the shape of a cube, a rectangular three-dimensional surface, a sphere, a 
spheroid, an ellipsoid, an arbitrary three-dimensional facetted surface or an arbitrary three- 
dimensional curved surface. Preferably the three-dimensional shape of the light-recycling 
envelope is a facetted surface with flat sides in order to facilitate the attachment of LEDs to the 
inside surfaces of the envelope. Preferable three-dimensional shapes have a cross-section that is 
a square, a rectangle or a polygon. 

[0043] The light-recycling envelope reflects and recycles part of the light emitted by the light 
source back to the light source. Preferably the reflectivity R E of the inside surfaces of the light- 
recycling envelope is at least 50%. More preferably, the reflectivity R E is at least 70%. Most 
preferably, the reflectivity R E is at least 90%. Ideally, the reflectivity R E should be as close to 
100% as possible in order to maximize the efficiency and the maximum exiting radiance of the 
illumination system. 

[0044] The light-recycling envelope may be fabricated from a bulk material that is 
intrinsically reflective. A bulk material that is intrinsically reflective may be a diffuse reflector 
or a specular reflector. Preferably a bulk material that is intrinsically reflective is a diffuse 
reflector. Diffuse reflectors reflect light rays in random directions and prevent reflected light 
from being trapped in cyclically repeating pathways. Specular reflectors reflect light rays such 
that the angle of reflection is equal to the angle of incidence. 

[0045] Alternatively, if the light-recycling envelope is not fabricated from an intrinsically 
reflective material, the interior surfaces of the light-recycling envelope must be covered with a 
reflective coating. The reflective coating may be a specular reflector, a diffuse reflector or a 
diffuse reflector that is backed with a specular reflecting layer. Diffuse reflectors typically need 
to be relatively thick (a few millimeters) in order to achieve high reflectivity. The thickness of a 
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diffuse reflector needed to achieve high reflectivity can be reduced if a specular reflector is used 
as a backing to the diffuse reflector. 

[0046] Diffuse reflectors can be made that have very high reflectivity (for example, greater 
than 95% or greater than 98%). However, diffuse reflectors with high reflectivity are generally 
quite thick. For example, diffuse reflectors with reflectivity greater than 98% are typically 
several millimeters thick. Examples of diffuse reflectors include, but are not limited to, 
fluoropolymer materials such as Spectralon™ from Labsphere, Inc. and polytetrafluoroethylene 
film from manufacturers such as Fluorglas (sold under the trade name Furon™), W. L. Gore and 
Associates, Inc. (sold under the trade name DR™), or E. I. du Pont de Nemours & Company 
(sold under the trade name of Teflon™), films of barium sulfate, porous polymer films containing 
tiny air channels such as polyethersulfone and polypropylene filter materials made by Pall 
Gelman Sciences, and polymer composites utilizing reflective filler materials such as, for 
example, titanium dioxide. An example of the latter polymer composite material is titanium 
dioxide filled ABS (acrylonitrile-butadiene-styrene terpolymer) produced by RTP. In the case 
that a polymer composite material is employed as a reflective material, such as titanium dioxide 
filled ABS, the light-recycling envelope can be formed from the polymer composite material and 
a separate light-reflecting layer is not needed on the interior surfaces of the light-recycling 
envelope. 

[0047] Most specular reflective materials have reflectivity ranging from about 80% to about 
98.5%. Examples of specular reflective materials include, but are not limited to, Silverlux™, a 
product of 3M Corporation, and other carrier films of plastic that have been coated with a thin 
metallic layer such as silver, aluminum or gold. The thickness of the metallic coating may range 
from about 0.05 micrometers to about 0.1 millimeter, depending on the materials used and the 
method of manufacturing the metal coating. Other examples of specular reflective films that 
have high reflectivity include photonic bandgap reflective materials and Vikuiti™ ESR 
(Enhanced Specular Reflector) made by 3M Corporation. The ESR film has a reflectivity of 
greater than 98% across the visible light spectrum. 

[0048] The interior volume of the light-recycling envelope that is not occupied by the light 
source may be occupied by a vacuum, may be filled with a light transmitting gas or may be filled 
or partially filled with a light-transmitting solid. Any gas or solid that fills or partially fills the 
light-recycling envelope should transmit light emitted by the light source. Examples of light- 
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transmitting gases are air, nitrogen and inert gases such as argon. Examples of light- transmitting 
solids include inorganic glasses such as silicon dioxide or sapphire and organic polymers such as 
polymethylmethacrylate, polystyrene, polycarbonate or a silicone-containing material. 
[0049] The light-recycling envelope has at least one light output aperture. The light source 
and the light-recycling envelope direct at least a fraction of the light emitted by the light source 
out of the light-recycling envelope through the at least one light output aperture as incoherent 
light having a maximum exiting radiance. The maximum exiting radiance is experimentally 
determined by measuring the exiting radiance.over the full range of exiting angles and 
determining the maximum measured value. The total light output aperture area is area A 0 . If 
there is more than one output aperture in the light-recycling envelope, A 0 refers to the combined 
area of all the output apertures. An output aperture may have any shape including, but not 
limited to, a square, a rectangle, a polygon, a circle, an ellipse, an arbitrary facetted shape or an 
arbitrary curved shape. 

[0050] Various embodiments of this invention that utilize light recycling will now be 
described. 

[0051] One embodiment of this invention is illumination system 100 shown FIGS. 3 A, 3B, 
3C, 3D, and 3E. FIG. 3 A is a top exterior view of illumination system 100 showing the outer 
edge of a light-recycling envelope 102 and a light output aperture 104 as solid lines in the figure. 
FIG. 3B is a cross-sectional view along the I-I plane indicated in FIG. 3A. FIG. 3C is a cross- 
sectional view along the II-II plane indicated in FIG. 3 A. The II-II plane passes through the light 
output aperture 104 and LED 106. FIGS. 3D and 3E show the paths of some representative light 
rays emitted from LED 106. 

[0052] The cubical three-dimensional shape of the surface of the light-recycling envelope 
102, the square cross-sectional shape of the light-recycling envelope 102 and the square shape of 
the light output aperture 104 are illustrative examples used for ease of understanding of the 
descriptions. It should also be noted that the drawing is merely a representation of the structure; 
the actual and relative dimensions may be different. 

[0053] As noted previously, the light-recycling envelope 102 may be any three-dimensional 
surface that encloses an interior volume. For example, the surface of the light-recycling 
envelope may be in the shape of a cube, a rectangular three-dimensional surface, a sphere, a 
spheroid, an ellipsoid, an arbitrary three-dimensional facetted surface or an arbitrary three- 
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dimensional curved surface. Preferably the three-dimensional shape of the light-recycling 
envelope is a facetted surface with flat sides in order to facilitate the attachment of LEDs to the 
inside surfaces of the envelope. The only requirement for the three-dimensional shape of the 
light-recycling envelope is that a fraction of any light emitted from an LED within the light- 
recycling envelope must also exit from the light output aperture of the light-recycling envelope 
within a finite number of reflections within the light-recycling envelope, i.e. there are no 
reflective dead spots within the light-recycling envelope where the light emitted from the LED 
will endlessly reflect without exiting the light-recycling envelope through the light output 
aperture. 

[0054] The cross-section of the light-recycling envelope 102, such as the square cross- 
section shown in FIG. 3C, may have any shape, both regular and irregular, depending on the 
shape of the three-dimensional surface. Other examples of possible cross-sectional shapes 
include a rectangle, a taper, a polygon, a circle, an ellipse, an arbitrary facetted shape or an 
arbitrary curved shape. Preferable cross-sectional shapes are a square, a rectangle or a polygon. 
[0055] In illumination system 100, the inside surfaces of the light-recycling envelope 102, 
except for the area covered by the LED 106 and the area occupied by the light output aperture 
104, are light reflecting surfaces. In order to achieve high light reflectivity, the light-recycling 
envelope 102 may be fabricated from a bulk material that is intrinsically reflective or the inside 
surfaces of the light-recycling envelope 102 may be covered with a reflective coating. The bulk 
material or the reflective coating may be a specular reflector, a diffuse reflector or a diffuse 
reflector that is backed with a specular reflecting layer. Examples of reflective materials were 
described previously. Preferably the reflectivity Re of the inside surfaces of the light-recycling 
envelope 102 that are not occupied by the LED 106 and the light output aperture 104 is at least 
50%. More preferably, the reflectivity R E is at least 70%. Most preferably, the reflectivity R E is 
at least 90%. Ideally, the reflectivity R E should be as close to 100% as possible in order to 
maximize the efficiency and the maximum exiting radiance of the illumination system. 
[0056] The square cross-sectional shape of illumination system 100 shown in FIG. 3C has a 
first side containing the light output aperture 104, a second side, a third side and a fourth side. 
The first side is opposite and parallel to the third side. The second side is opposite and parallel to 
the fourth side. The first side and third side are perpendicular to the second side and fourth side. 
The four sides of the illumination system shown in cross-section in FIG. 3C plus the two 
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remaining sides (not shown in the cross-sectional view) of the six-sided cube form the interior of 
the light-recycling envelope. 

[0057] The light source for illumination system 100 is LED 106, which emits light of any 
optical wavelength or range of wavelengths and which is positioned interior to the fourth side of 
the illumination system. LED 106 may be any inorganic light-emitting diode or an OLED. 
Preferably, LED 106 is an inorganic light-emitting diode. Preferably the wavelength of the light 
emitted by LED 106 is greater than 200 nanometers and less than 3000 nanometers. If the light 
emitted by LED 106 is ultraviolet light, preferably the wavelength is greater than 200 
nanometers and less than 400 nanometers. If the light emitted by LED 106 is infrared light, 
preferably the wavelength is greater than 700 nanometers and less than 3000 nanometers. 
[0058] LED 106 has a reflecting layer 110 and an emitting layer 108. The reflecting layer is 
adjacent to and interior to the fourth side while the emitting layer extends into the interior of the 
light-recycling envelope. The reflecting layer 110 may be a specular reflector or a diffuse 
reflector. In a typical inorganic light-emitting diode, the reflecting layer, if present, is usually a 
specular reflector. The light reflectivity of reflecting layer 110 of LED 106 is R s . If the 
reflectivity varies across the area of the reflecting layer, the reflectivity R s is defined as the 
average reflectivity of the reflecting layer. The reflectivity R s of reflecting layer 1 10 is 
preferably at least 50%. More preferably, the reflectivity R s of reflecting layer 1 10 is at least 
70%. Most preferably, the reflectivity R s of reflecting layer 1 10 is at least 90%. Ideally, the 
reflectivity Rs should be as close to 100% as possible in order to maximize the efficiency and the 
maximum exiting radiance of the illumination system. 

[0059] The total light-emitting area of the light source is area A s . In FIGS. 3A-3E, the light 
source consists of just one LED, so the total light-emitting area As of the light source is the light- 
emitting area of LED 106. 

[0060] The light output from the light source, in this case LED 106, has a maximum intrinsic 
source radiance that depends on the light source design and the driving electrical power applied 
to the light source. The maximum intrinsic source radiance of the light source can be determined 
by measuring an identically constructed and identically powered LED that is not enclosed in a 
light-recycling envelope. 

[0061] The light output aperture 104 is in the first side of the illumination system. A fraction 
of the light coming from the light source and the light-recycling envelope exits the light output 
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aperture. As noted, the aperture may have any shape including, but not limited to, a square, a 
rectangle, a polygon, a circle, an ellipse, an arbitrary facetted shape or an arbitrary curved shape. 
The total light output aperture area is area A 0 , which in this case is just the area of the single 
light output aperture 104. If the illumination system has more than one light output aperture, the 
area A 0 is the total area of all the light output apertures. 

[0062] Light may be emitted from emitting layer 108 of LED 106 through one or more of the 
. surfaces of emitting layer 108 that do not contact reflecting layer 1 10. For example, light may be 
emitted through surface 1 12. Four illustrative examples of light rays emitted through surface 
1 12 are shown in FIGS. 3D and 3E. 

[0063] In FIG. 3D, a first light ray 1 14 emitted from the surface 112 of emitting layer 108 of 
the LED 106 on the fourth side passes through the interior of the light-recycling envelope 102 to 
exit through the light output aperture 104 on the first side without reflecting off the reflecting 
sides of the light-recycling envelope. 

[0064] A second light ray 1 16 emitted from the surface 1 12 of the emitting layer 108 of the 
LED 106 passes through the interior of the light-recycling envelope and is reflected by the light- 
recycling envelope 102 on the third side. The reflected ray 1 16 then passes through the interior 
of the light-recycling envelope to exit through the light output aperture 104 on the first side. 
This is merely an illustrative example since the second ray 1 16 can reflect a finite number of 
times from the reflective surfaces of any and all of the sides before exiting the light-recycling 
envelope through the light output aperture. 

[0065] A third light ray 1 18 emitted from the surface 112 of the emitting layer 108 of LED 
106 passes through the interior of the light-recycling envelope 102 and is absorbed by the light- 
recycling envelope 102 on the second side. In general, the light-recycling envelope is not a 
perfect reflector and has a reflectivity less than 100%. Some of the light, such as light ray 118, 
will be absorbed. Due to the absorption losses, only a fraction of the light that is inside the light- 
recycling envelope will exit the light-recycling envelope through the light output aperture 104. 
[0066] In FIG. 3E, a fourth light ray 120 emitted from the surface 1 12 of the emitting layer 
108 of the LED 106 during a first time period passes through the interior of the light-recycling 
envelope 102 and is reflected by the light-recycling envelope on the second side. The reflected 
fourth light ray passes through the interior of the light-recycling envelope and is recycled back to 
the light source. The fourth light ray 120 is transmitted through surface 112 and the emitting 
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layer 108 of the LED 106 to reflect off the reflecting layer 110 of the LED 106. The fourth light 
ray 120 then is transmitted through the emitting layer 108 of LED 106 and through the surface 
1 12 during a second time period, passes through the interior of the light-recycling envelope and 
finally exits the light output aperture 104. 

[0067] Light rays 1 14, 1 16 and 1 18 are not recycled back to the light source. Light ray 120 
is recycled back to the light source. Only part of the light emitted by the light source is recycled 
back to the light source. 

[0068] When the fourth light ray 120 reflects off reflecting layer 110 of LED 106 and is 
transmitted through emitting layer 108 and surface 1 12 to enter the light-recycling envelope 
during the second time period, the reflected light ray 120 adds to the light rays concurrently 
being emitted by emitting layer 108 of LED 106 during the second time period. The reflected 
light ray increases the effective source radiance of LED 106 so that the effective source radiance 
is then higher than the maximum intrinsic source radiance of LED 106 measured in the absence 
of light recycling. 

[0069] The maximum exiting radiance of the light exiting the light output aperture cannot be 
greater than the effective radiance of the light source. However, by recycling a part of the light 
emitted by the light source back to the light source, the effective radiance of the light source can 
be increased so that the maximum exiting radiance of the light exiting the light output aperture 
can then be greater than the maximum intrinsic source radiance of an identical LED measured in 
the absence of light recycling. Note that when the maximum exiting radiance of the light exiting 
the light output aperture of illumination system 100 is compared to the maximum intrinsic source 
radiance of an identical LED in the absence of light recycling, the LED 106 of the illumination 
system 100 and the identical LED used in the reference measurement are of the same design and 
are operated at the same electrical power. 

[0070] The fourth light ray 120 will be unaffected transmitting through the emitting layer 
108 of LED 106 whether the emitting layer 108 is emitting light or not. The fourth light ray 120 
could, alternatively, reflect off the light-recycling envelope on the first or third side before 
reflecting off the reflecting layer 110 of the LED on the fourth side. 

[0071] This is merely an illustrative example since the fourth light ray 120 can reflect a finite 
number of times from the reflective surfaces of any and all the sides before or after reflecting off 
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the reflecting layer 1 10 of the LED, once or any finite number of times, before the fourth light 
ray exits the light-recycling envelope through the light output aperture 104. 
[0072] The maximum reflectivity of the inside surfaces of illumination system 100 and the 
resulting maximum exiting radiance exiting from the light output aperture 104 is achieved by 
preferably having the entire interior surfaces of illumination system 100 be reflective except for 
the total area A 0 of all the apertures in the light-recycling envelope. Illumination system 100 has 
one light output aperture 104 having area Ao. The total inside area of the light-recycling 
envelope is At, which includes area A 0 and the total light-emitting area of the light source. The 
LED light source has a reflecting layer 110 having reflectivity R s . The total light-emitting area 
of the light source is area A s . In the example of FIGS. 3A-3E, area A s is the light-emitting area 
of LED 106, but for other examples having more than one LED, As is the total light-emitting 
area of all the LEDs within the light-recycling envelope. The remaining inside area of the light- 
recycling envelope that is not covered by the total light-emitting area As of the LED and the area 
A 0 of the output aperture or apertures is denoted as remaining area A R . Preferably the entire 
remaining area A R of the light-recycling envelope should have a reflective surface of reflectivity 
R E to maximize the radiance exiting from the light output aperture or apertures. As noted 
previously, the reflectivity R E is preferably at least 50%. More preferably, the reflectivity R E is 
at least 70%. Most preferably, the reflectivity Re is at least 90%. Ideally the reflectivity R E 
should be as close to 100% as possible in order to maximize the efficiency and the maximum 
exiting radiance of the illumination system. 

[0073] Since the area As and the area A R are not perfect reflectors and do absorb some of the 
light during each reflection, the maximum illumination system efficiency and the maximum 
exiting radiance are achieved by minimizing the number of light reflections. For a given fixed 
total light-emitting area As and a given fixed total area Ao of the light output aperture or 
apertures, the maximum exiting radiance directed from the light output aperture or apertures is 
achieved by minimizing the remaining area A R in order to minimize the number of reflections. 
Usually it is not possible for the remaining area A R to be zero, however, since it is usually not 
possible to arrange the one or more LEDs in the illumination system to cover the entire area of 
the light-recycling envelope that is not occupied by the light output aperture. 
[0074] The illumination system 100 can achieve an enhanced maximum exiting radiance that 
is greater than the maximum intrinsic source radiance of the light source only if the total light 
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output aperture area A 0 of the light output aperture 104 is less than the total light-emitting area 
A s of the light source. This area requirement for enhancing the maximum exiting radiance can 
be understood from the following theoretical examples. First assume that the inside surfaces of a 
theoretical illumination system have no absorption losses, i.e. areas As and Ar all have 100% 
reflectivity. Also assume that the light source emits light in a Lambertian distribution. Note that 
a Lambertian emitter is an emitter that has a constant radiance for all emitting angles from -90 
degrees to +90 degrees. 

[0075] If the light output area Ao is equal to the total light-emitting area As, then all the light 
flux emitted by the source will exit the theoretical illumination system in the same area and will 
have, in many cases, the same Lambertian distribution. The maximum exiting radiance of the 
light exiting the light output aperture will be equal to the maximum intrinsic source radiance. 
[0076] If the light output area Ao of the theoretical illumination system is larger than the 
total light-emitting area As, the light exiting the light output aperture can have the same 
Lambertian distribution but will have a maximum exiting radiance that is less than the maximum 
intrinsic source radiance due to the output light flux being spread over a larger area. The 
maximum exiting radiance directed from the light output aperture will be lower by a factor of 
A s /A 0 . 

[0077] If the light output area A 0 of the theoretical illumination system is smaller than the 
total light-emitting area As and no light is lost or absorbed inside the illumination system, the 
light exiting the light output area can have the same Lambertian distribution but will have a 
maximum exiting radiance that is greater than the maximum intrinsic source radiance due to the 
reduced area of the light output aperture. The maximum exiting radiance directed from the light 
output aperture will be greater by a factor of A s /A 0 . To achieve a maximum exiting radiance 
that is greater than the maximum intrinsic source radiance, it is therefore a requirement that the 
output area Ao be less than the total light-emitting area As. 

[0078] However, the area requirement that Ao must be less than As is not the only 
requirement needed in order to achieve an enhancement of the maximum exiting radiance in an 
illumination system. In a typical illumination system, the reflectivity Rs and the reflectivity Re 
will be less than 100%, which will lower the exiting radiance enhancement. Light that does not 
exit the light output aperture 104 on the first attempt may be absorbed by the light source or the 
light-recycling envelope as it is reflected one or more times inside the light-recycling envelope. 
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These losses will reduce the maximum exiting radiance. Therefore, in order to achieve an 
enhancement of the maximum exiting radiance in a typical illumination system, Rs and Re must 
be relatively high even if they are not 100%. The preferred values for Rs and Re were listed 
previously. 

[0079] Furthermore, in a typical illumination system, the light source may not emit light in a 
wide Lambertian (-90 degrees to +90 degrees) angular distribution but in a narrower angular 
distribution. When a light source initially emits light in a narrow angular distribution and when 
the emitted light then undergoes multiple reflections inside the illumination system, the light 
exiting the light output aperture will have a wider angular distribution than the initial angular 
distribution. The output distribution will be approximately a Lambertian distribution. 
Expanding the original narrow angular distribution to a wider output distribution inside the 
illumination system also reduces the maximum exiting radiance of the light exiting the light 
output aperture. Therefore, in order to achieve an enhancement of the maximum exiting radiance 
in a typical illumination system, the angular distribution of the light emitted by the light source 
should be as close to a Lambertian distribution as possible. 

[0080] The maximum theoretical radiance enhancement is given by the ratio of the areas 
As/Ao as shown above. For example, if As equals 20 mm 2 and Ao equals 1 mm 2 , then the 
maximum theoretical enhancement of the maximum exiting radiance is As/Ao or 20. The 
maximum value is achieved only if the LED is a Lambertian emitter and only if Rs and Re each 
equal 100%. If the LED is not a perfect Lambertian emitter or if R s and R E are each less than 
100%, as is normally the case, then enhancement of the maximum exiting radiance can still be 
achieved but the enhancement will be less than the maximum theoretical value. In such cases, 
the area A 0 may need to be significantly less than A s in order to achieve a maximum exiting 
radiance that is greater than the maximum intrinsic source radiance. Preferably, the area Ao of 
the light output aperture 104 is less than or equal to 50% of the total light-emitting area A s of the 
light source. More preferably, the area A 0 of the light output aperture 104 is less than or equal to 
30% of the total light-emitting area A s of the light source. Most preferably, the area A 0 of the 
light output aperture 104 is less than or equal to 10% of the total light-emitting area A s of the 
light source. In addition, for some applications it is desirable that the area Ao of the light output 
aperture 104 be small and comparable in size to the area of an arc lamp source. For those 



19 



applications, preferably the area A 0 of the light output aperture 104 is less than 25 mm in area. 
More preferably, the area A 0 of the light output aperture 104 is less than 10 mm 2 . 
[0081] Another embodiment of this invention is shown in cross-section in FIG. 4. 
Illumination system 130 is identical to illumination system 100 except that the interior volume of 
the light-recycling envelope 102 is substantially filled with a light-transmitting solid 132. 
Alternatively, light-transmitting solid 132 can partially fill or completely fill the light-recycling 
envelope. 

[0082] Preferably the light-transmitting solid 132 is in contact with emitting layer 108 of 
LED 106. By placing a light-transmitting solid in contact with the emitting layer of an LED, the 
difference in refractive index between the emitting layer and the environment external to the 
emitting layer will be reduced relative to having air at the interface of the emitting layer. 
Reducing the refractive index difference reduces the amount of light that undergoes total internal 
reflection inside the emitting layer and increases the efficiency of light emission from the 
emitting layer. This effect can result in an overall increase in the efficiency of the illumination 
system. The highest efficiency of light emission from the emitting layer will occur if the 
effective refractive index of the light-transmitting solid is equal to or greater than the refractive 
index of the emitting layer. 

[0083] If necessary, the effective refractive index of the light-transmitting solid can be 
increased by incorporating ultrafine powders of high index materials into the light-transmitting 
solid. Preferably, the ultrafine powders are made from materials having a bulk index of 
refraction greater than 1 .60. Ultrafine powders are powders with particle sizes less than about 
300 nanometers. Exemplary ultrafine powders can be made from materials such as, for example, 
tin oxide, titanium oxide, zinc oxide, cerium oxide and antimony pentoxide. 
[0084] Another embodiment of this invention is illumination system 140 shown in cross- 
section in FIG. 5. Illumination system 140 is identical to illumination system 100 except that 
illumination system 140 further comprises a planar reflective polarizer 142. 
[0085] A planar reflective polarizer is a polarizer that reflects light of a first polarization state 
and transmits light of a second polarization state. Polarization states can be states of linear 
polarization or states of circular polarization. Examples of suitable planar reflective polarizers 
are Vikuiti™ Dual Brightness Enhancement Film (DBEF) made by 3M Corporation and 
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polarizers made by NanoOpto Corporation and Moxtek Incorporated that utilize subwavelength 
optical elements. 

[0086] The planar reflective polarizer 142 is placed adjacent to the light output aperture 104 
and placed in the optical path of light exiting from the light output aperture 104. The adjacent 
position of the planar reflective polarizer can be either just outside the light-recycling envelope 
or just inside the light-recycling envelope. The planar reflective polarizer reflects light of any 
wavelength that has a first polarization state. Also, the planar reflective polarizer transmits light 
of any wavelength that has a second polarization state. The light of a first polarization state is 
recycled back into the light-recycling envelope. The light of a first polarization state recycled 
back into the light-recycling envelope will, after multiple reflections, be converted into a mixture 
of light of a first polarization state and light of a second polarization state. The converted light 
of a second polarization state will then be able to pass through the planar reflective polarizer. If 
only the second polarization state is desired for the output of illumination system 140, recycling 
the first polarization state back into the light-reflecting envelope to be converted to light of a 
second polarization state will improve the overall efficiency and the maximum exiting radiance 
of illumination system 140. 

[0087] Some illumination system applications require polarized light. For example, 
illumination systems utilized for flat-panel display or projection display applications that 
incorporate liquid crystal display (LCD) panels or liquid-crystal-on-silicon (LCOS) display 
panels require illumination systems that emit polarized light. 

[0088] Light rays 144 and 146 in FIG. 5 illustrate the function of the planar reflective 
polarizer. Light ray 144 of a first polarization state is emitted from surface 1 12 of emitting layer 
108 on the fourth side of the illumination system 140, passes through the interior of the light- 
recycling envelope 102 and passes through the light output aperture 104 a first time to reach the 
planar reflective polarizer 142. Light ray 144 is reflected by the planar reflective polarizer 142, 
passes through the light output aperture 104 a second time and is recycled back into the interior 
of the light-recycling envelope 102. 

[0089] Light ray 146 of a second polarization state is emitted from surface 1 12 of emitting 
layer 108 on the fourth side of the illumination system 140, passes through the interior of the 
light-recycling envelope 102 to the inside surface of the light-recycling envelope 102 on the third 
side. Light ray 146 is reflected by the light-recycling envelope 102, passes through the interior 
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of the light-recycling envelope 102, passes through the light output aperture 104 on the first side 
and passes through the planar reflective polarizer 142. Overall, the planar reflective polarizer 
reflects light of a first polarization state and transmits light of a second polarization state. 
[0090] Other embodiments of this invention are partially collimating illumination systems. 
FIGS, 6A, 6B and 6C are cross-sectional views of illuminations systems that utilize light- 
collimating elements to partially collimate the output light. In general, a light-collimating 
element can be any optical element that at least partially collimates the light exiting from the 
light output aperture 104. For example, the light-collimating element can be a compound 
parabolic reflector, a convex lens, a tapered light guide, or a combination of two or more such 
elements 

[0091] Illumination system 160 in FIG, 6A is identical to illumination system 100 except that 
illumination system 160 further comprises a light-collimating element 162. In FIG. 6 A, light- 
collimating element 162 is a compound parabolic reflector for illustrative purposes. A 
compound parabolic reflector is a tapered light guide that transports light by reflecting light from 
the inside surfaces of the tapered light guide. The compound parabolic reflector may be 
constructed from a solid transparent material. If the compound parabolic reflector is constructed 
from such a solid transparent material, light can pass through the material and reflect from the 
inside surfaces of the compound parabolic reflector by total internal reflection. Alternatively, the 
compound parabolic reflector may be a hollow structure and the sides of the compound parabolic 
reflector must then be covered with a reflective coating in order to reflect light. Light- 
collimating element 162 has an input surface 164, which is adjacent to the light output aperture 
104 and which accepts uncollimated light, and an output surface 166. The input surface 164 
accepts uncollimated light from the light output aperture 104. The light-collimating element 162 
partially collimates the previously uncollimated light and transmits the partially collimated light 
through the output surface 166. In order for the light-collimating element to partially collimate 
the light exiting the light output aperture 104, the area of input surface 164 must be less than the 
area of the output surface 166. Equation 5 gives the mathematical relationship between the input 
and output areas and the input and output solid angle distributions of the light. 
[0092] Representative light rays 168 and 169 shown in FIG. 6A illustrate the function of the 
light-collimating element 162 when light-collimating element 162 is a compound parabolic 
reflector. Light ray 168 is emitted from surface 1 12 of emitting layer 108 on the first side, passes 
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through the interior of the light-recycling envelope 102, passes through the light output aperture 
104 on the first side and passes through input surface 164 of the compound parabolic reflector as 
uncollimated light. Light ray 168 is reflected by the sides of the compound parabolic reflector 
and exits the compound parabolic reflector through output surface 166 as partially collimated 
light. 

[0093] Light ray 169 is emitted from surface 1 12 of emitting layer 108 on the fourth side, 
passes through the interior of light-recycling envelope 102 to the inside surface of the light- 
recycling envelope 102 on the second side. Light ray 169 is reflected by the light-recycling 
envelope 102, passes through the interior of the light-recycling envelope 102, passes through the 
light output aperture 104 on the first side and enters the compound parabolic reflector through 
input surface 164. Light ray 169 is reflected by the sides of the compound parabolic reflector 
and exits the compound parabolic reflector through output surface 166 as partially collimated 
light. 

[0094] The degree of light collimation required from the light-collimating element depends 
on the application. The light that exits through the light output aperture 104 typically has a 
Lambertian (output angles of -90 degrees to +90 degrees or a solid angle of 2n) or near 
Lambertian angular distribution. The collimation of light exiting the light-collimating element 
162 can be adjusted as needed by changing the area of the output surface 166 relative to the area 
of the input surface 164 utilizing the mathematical relationship of Equation 5. If the input 
refractive index nj n of the light-collimating element is equal to the output refractive index n^t of 
the light-collimating element, then Equation 4 can be used instead and the light output solid 
angle distribution Q 0 ut from the light-collimating element is given by 

^out = ^in (Areain)/(Area 0U t), [Equation 6] 

where Qj n is the light input solid angle distribution into the light-collimating element, Areai n is 
the area of the input surface 164 and Area^ is the area of the output surface 166. 
[0095] For applications requiring a high degree of light collimation, the light-collimating 
element 162 partially collimates the light so that the light output distribution is preferably within 
the angular range of -30 degrees to +30 degrees. More preferably, light-collimating element 162 
partially collimates the light so that the light output distribution is within the angular range of 
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-20 degrees to +20 degrees. Most preferably, light-collimating element 162 partially collimates 
the light so that the light output distribution is within the angular range of -10 degrees to +10 
degrees. 

[0096] Another example of an illumination system that partially collimates the light output is 
illumination system 170 shown in cross-section in FIG. 6B. Illumination system 170 is identical 
to illumination system 100 except that illumination system 170 further comprises a light- 
collimating element 172, in this case a convex lens that is a spherical ball lens, to partially 
collimate the light exiting the light output aperture 104. The light input side of the light- 
collimating element 172 is adjacent to the light output aperture 104. The output side of the light- 
collimating element 172 is opposite to the input side. In order to partially collimate the light 
passing through the light-collimating element 172, the area of the light beam on the output side 
of the lens must be larger than the area of the beam on the input side. 

[0097] Representative light rays 174 and 176 shown in FIG. 6B illustrate the function of the 
light-collimating element 172 when light-collimating element 172 is a convex lens. Light ray 
174 is emitted from surface 1 12 of emitting layer 108 on the first side, passes through the interior 
of the light-recycling envelope 102, passes through the light output aperture 104 on the first side 
and passes through the input side of the light-collimating element 172 as uncollimated light. 
Light ray 174 is refracted by the light-collimating element 172 and exits through the output side 
of light-collimating element 172 as partially collimated light. 

[0098] Light ray 176 is emitted from surface 112 of emitting layer 108 on the fourth side, 
passes through the interior of light-recycling envelope 102 to the inside surface of the light- 
recycling envelope 102 on the second side. Light ray 176 is reflected by the light-recycling 
envelope 102, passes through the interior of the light-recycling envelope 102, passes through the 
light output aperture 104 on the first side and enters the input side of light-collimating element 
172 as uncollimated light. Light ray 176 is refracted by the light-collimating element 172 and 
exits through the output side of light-collimating element 172 as partially collimated light. 
[0099] Preferably, the light-collimating element 172 partially collimates the light exiting the 
light-collimating element so that the light output distribution is within the angular range of -30 
degrees to +30 degrees. More preferably, the light output distribution is within the angular range 
of -20 degrees to +20 degrees. Most preferably, the light output distribution is within the 
angular range of-10 degrees to +10 degrees. 
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[0100] Another example of an illumination system that partially collimates the light output is 
illumination system 180 shown in cross-section in FIG. 6C. Illumination system 180 is identical 
to illumination system 100 except that illumination system 180 further comprises a first light- 
collimating element 182, a tapered light guide, and a second light-collimating element 188, a 
convex lens, that operate in combination to partially collimate the light exiting the light output 
aperture 104. 

[0101] The first light-collimating element 182 in FIG. 6C is a tapered light guide that has an 
input surface 184 and an output surface 186. The sides of the tapered light guide are reflective, 
either by utilizing total internal reflection or because a reflective coating has been applied to the 
sides, but not the input and output surfaces, of the light-collimating element 182. In order for the 
light-collimating element 182 to partially collimate light, the area of the output surface 186 must 
be larger than the area of the input surface 184. Equation 6, the same equation that was used 
when the light-collimating element was a compound parabolic reflector, determines the degree of 
partial collimation that can be achieved by the first light-collimating element 182. 
[0102] The second light-collimating element 188 is a convex lens. If the area of the convex 
lens is larger than the area of the output surface 186 of the first light-collimating element 182 
and, in addition, the focal length of the convex lens is properly chosen, then the second light- 
collimating element 188 will further improve the partial light collimation that was achieved with 
the first light-collimating element 182 acting alone. 

[0103] Representative light rays 190 and 192 shown in FIG. 6C illustrate the function of the 
first light-collimating element 182 and the second light-collimating element 188. Light ray 190 
is emitted from surface 1 12 of emitting layer 108 on the first side, passes through the interior of 
the light-recycling envelope 102, passes through the light output aperture 104 on the first side 
and passes through input surface 184 of the first light-collimating element 182 as uncollimated 
light. Light ray 190 is reflected by the sides of the first light-collimating element 182 and exits 
through the output surface 186 of the first light-collimating element 182 as partially collimated 
light. The light ray 190 then passes through and is refracted by the second light-collimating 
element 188 and finally exits the second light-collimating element 188 with further improved 
partial collimation. 

[0104] Light ray 192 is emitted from surface 1 12 of emitting layer 108 on the fourth side, 
passes through the interior of light-recycling envelope 102 to the inside surface of the light- 
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recycling envelope 102 on the second side. Light ray 192 is reflected by the light-recycling 
envelope 102, passes through the interior of the light-recycling envelope 102, passes through the 
light output aperture 104 on the first side and enters the input surface 184 of the first light- 
collimating element 182 as uncollimated light. Light ray 192 is reflected by the sides of the first 
light-collimating element 182 and exits through the output surface 186 of the first light- 
collimating element 182 as partially collimated light. The light ray 192 then passes through and 
is refracted by the second light-collimating element 188 and finally exits the second light- 
collimating element 188 with further improved partial collimation. 

[0105] Preferably, the first light-collimating element 182 and the second light-collimating 
element 188 operating in combination partially collimate the light exiting the second light- 
collimating element 188 so that the light output distribution is within the angular range of -30 
degrees to +30 degrees. More preferably, the light output distribution is within the angular range 
of -20 degrees to +20 degrees. Most preferably, the light output distribution is within the 
angular range of-10 degrees to +10 degrees. 

[0106] In the previous embodiments, FIG. 5 illustrates an illumination system that 
incorporates a planar reflective polarizer. FIGS. 6A, 6B and 6C illustrate illumination systems 
that incorporate one or two light-collimating elements. It is also possible to have embodiments 
of this invention that comprise both a reflective polarizer and one or more light-collimating 
elements operating in combination. One example using a planar reflective polarizer is shown in 
FIG. 7A. FIG. 7B shows another embodiment of this invention that comprises both a light- 
collimating element and a different type of reflective polarizer. 

[0107] FIG. 7 A is a cross-sectional view of illumination system 200. Illumination system 
200 is identical to illumination system 160 in FIG. 6 A that has a light-collimating element, 
except that illumination system 200 further comprises a planar reflective polarizer 220. 
Examples of a planar reflective polarizer have been listed previously. The planar reflective 
polarizer 220 is positioned adjacent to the output surface 166 of light-collimating element 162. 
Planar reflective polarizer 220 reflects light of a first polarization state and transmits light of a 
second polarization state. Planar reflective polarizer 220 reflects and recycles light of the first 
polarization state back through the light-collimating element 162 and back into the light- 
recycling envelope 102. Light of a first polarization state that has been recycled back into the 
light-recycling envelope 102 can be reflected multiple times within the light-recycling envelope 
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and thereby be partially converted into light of a second polarization state. Recycled light that 
has been converted into light of a second polarization state may then exit the light-recycling 
envelope through light output aperture 104, pass through light-collimating element 162 and 
finally pass through planar reflective polarizer 220. This recycled and polarization converted 
light adds to the light output of illumination system 200. The efficiency and the maximum 
exiting radiance of illumination system 200 are thereby increased. 

[0108] Representative light rays 222 and 224 shown in FIG. 7 illustrate the function of the 
light-collimating element 162 and the planar reflective polarizer 220. Light ray 222 of a first 
polarization state is emitted from surface 1 12 of emitting layer 108 on the fourth side, passes 
through the interior of light-recycling envelope 102 to the inside surface of the light-recycling 
envelope 102 on the second side. Light ray 222 of a first polarization state is reflected by the 
light-recycling envelope 102, passes through the interior of the light-recycling envelope 102, 
passes through the light output aperture 104 on the first side and enters the input surface 164 of 
light-collimating element 162 as uncollimated light. Light ray 222 of a first polarization state is 
reflected by the sides of light-collimating element 162 and exits the light-collimating element 
through the output surface 166 as partially collimated light. The light ray 222 of a first 
polarization state is then reflected by planar reflecting polarizer 220, passes through light- 
collimating element 162 a second time and reenters the light-recycling envelope 102 to 
eventually be partially converted to light of a second polarization state. 
[0109] Light ray 224 of a second polarization state is emitted from surface 1 12 of emitting 
layer 108 on the first side, passes through the interior of the light-recycling envelope 102, passes 
through the light output aperture 104 on the first side and passes through input surface 164 of the 
light-collimating element 162 as uncollimated light. Light ray 224 of a second polarization state 
is reflected by the sides of the light-collimating element 162 and then exits through the output 
surface 166 of the light-collimating element 162 as partially collimated light. The light ray 224 
then passes through planar reflective polarizer 220 and exits illumination system 200 as partially 
collimated light of a second polarization state. 

[0110] FIG. 7B is a cross-sectional view of illumination system 250. Illumination system 
250 is identical to illumination system 160 that has a light-collimating element, except that 
illumination system 250 further comprises a reflective polarizer. In this illustration, the 
reflective polarizer is a beam-splitting prism polarizer 252. The characteristics and function of a 



27 



beam-splitting prism polarizer are well known to those skilled in the art. The beam-splitting 
prism polarizer 252 has an input surface 270, a first output surface 272 perpendicular to the input 
surface, a second output surface 274 parallel and opposite to the input surface and a partially 
reflecting diagonal surface 254. The partially reflecting diagonal surface 254 located along a 
prism diagonal reflects light of a first polarization state to the first output surface and transmits 
light of a second polarization state to the second output surface. 

[0111] The beam-splitting prism polarizer 252 is positioned adjacent to the output surface 
166 of light-collimating element 162. The partially reflecting diagonal surface 254 of the beam- 
splitting prism polarizer 252 reflects light of a first polarization state to a reflector 256 and 
transmits light of a second polarization state. Reflector 256 reflects and recycles the light of a 
first polarization state back through the beam-splitting prism polarizer 252, back through the 
light-collimating element 162 and back into the light-recycling envelope 102. Light of a first 
polarization state that has been recycled back into the light-recycling envelope 102 can be 
reflected multiple times within the light-recycling envelope and thereby be partially converted to 
light of a second polarization state. Recycled light that has been converted into light of a second 
polarization state may then exit the light-cycling envelope through light output aperture 104, pass 
through light-collimating element 162 and finally pass through the second output surface 274 of 
beam-splitting prism polarizer 252. This recycled and polarization converted light adds to the 
light output of illumination system 250. The efficiency and the maximum exiting radiance of 
illumination system 250 are thereby increased. 

[0112] Representative light rays 258 and 260 shown in FIG. 7B illustrate the function of the 
light-collimating element 162 and the beam-splitting prism polarizer 252. Light ray 258 of a first 
polarization state is emitted from surface 1 12 of emitting layer 108 on the fourth side, passes 
through the interior of light-recycling envelope 102 to the inside surface of the light-recycling 
envelope 102 on the second side. Light ray 258 of a first polarization state is reflected by the 
light-recycling envelope 102, passes through the interior of the light-recycling envelope 102, 
passes through the light output aperture 104 on the first side and enters the input surface 164 of 
light-collimating element 162 as uncollimated light. Light ray 258 of a first polarization state is 
reflected by the sides of light-collimating element 162 and exits the light-collimating element 
through the output surface 166 as partially collimated light. The light ray 258 of a first 
polarization state enters beam-splitting prism polarizer 252 through input surface 270, is 
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reflected by partially reflecting diagonal surface 254, passes through first output surface 272 to 
reflector 256 and is reflected by reflector 256 backwards though the first output surface 272 of 
the beam-splitting prism polarizer. Light ray 258 is reflected by the partially reflecting diagonal 
surface 254 backwards through the input surface 270 and into the light-collimating element 162, 
passes through light-collimating element 162 a second time and reenters the light-recycling 
envelope 102 to eventually be partially converted into light of a second polarization state. 
[0113] Light ray 260 of a second polarization state is emitted from surface 1 12 of emitting 
layer 108 on the first side, passes through the interior of the light-recycling envelope 102, passes 
through the light output aperture 104 on the first side and passes through input surface 164 of the 
light-collimating element 162 as uncollimated light. Light ray 260 of a second polarization state 
is reflected by the sides of the light-collimating element 162 and then exits through the output 
surface 166 of the light-collimating element 162 as partially collimated light. Light ray 260 
passes through input surface 270 into the beam-splitting prism polarizer 252, passes through 
partially reflecting diagonal surface 254, exits the beam-splitting prism polarizer 252 through the 
second output surface 274 and exits and illumination system 250 as partially collimated light of a 
second polarization state. 

[0114] In FIG. 7B, light of a first polarization state that is directed out of the first output 
surface 272 is reflected back into the beam-splitting prism polarizer 252 by reflector 256. An 
alternative illumination system 600 is shown in cross-section in FIG. 8. In FIG. 8, light of a first 
polarization state exiting the first output surface 272 is recycled into a second light-collimating 
element 620 and a second illumination system operating in combination. The second 
illumination system is comprised of a second LED 606, which has a second emitting layer 608 
and a second reflecting layer 610, a second light-recycling envelope 602 and a second light 
output aperture 604. The second light-collimating element 620 has an input surface adjacent to 
the second light output aperture 604 and an output surface adjacent to the first output surface 272 
of the beam-splitting prism polarizer 252. 

[0115] Light of a first polarization state emitted by LED 106 is reflected by the partially 
reflecting diagonal surface 254 of beam-splitting prism polarizer 252 into the second light- 
collimating element 620 and the second light-recycling envelope 602 containing LED 606. 
Conversely, light of a first polarization state emitted by LED 606 is reflected by the partially 
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reflecting diagonal surface 254 of beam-splitting prism polarizer 252 into the light-collimating 
element 162 and the light-recycling envelope 102 containing LED 106. 

[0116] Light of a second polarization state emitted by LED 106 is transmitted by the partially 
reflecting diagonal surface 254 of beam-splitting prism polarizer 252. The light passes through 
surface 274, is reflected by reflector 636, is refracted by right-angle prism 634 and exits 
illumination system 600 as light of a second polarization state. Light of a second polarization 
state emitted by LED 606 is transmitted by the partially reflecting diagonal surface 254 of beam- 
splitting prism polarizer 252. The light passes through surface 630, is reflected by reflector 638, 
is refracted by right-angle prism 634 and exits illumination system 600 as light of a second 
polarization state. The light of a second polarization state emitted from LED 106 and from LED 
606 is combined to give an illumination system with improved maximum exiting radiance. The 
maximum exiting radiance of illumination system 600, comprising two light-recycling envelopes 
and two light-collimating elements, is greater than the maximum exiting radiance of illumination 
system 250, comprising one light-recycling envelope and one light-collimating "element. 
[0117] Light rays 640, 642, 650 and 652 illustrate the operation of illumination system 600. 
Light ray 640 of a first polarization state is emitted from surface 612 of emitting layer 608 of 
LED 606, passes through the interior of the light-recycling envelope 602 and is reflected by 
light-recycling envelope 602. Light ray 640 passes through the interior of light-recycling 
envelope 602, exits through light output aperture 604 and enters the input surface of light- 
collimating element 620. Light ray 640 passes through light-collimating element 620 without 
reflection and enters surface 272 of beam-splitting prism polarizer 252. Light ray 640 of a first 
polarization state is reflected by the partially reflecting diagonal surface 254 into light- 
collimating element 162. Light ray 640 reflects from the side of light-collimating element 162, 
exits the light-collimating element 162 and enters the light-recycling envelope 102 as recycled 
light. 

[0118] Light ray 642 of a second polarization state is emitted from surface 612 of emitting 
layer 608, passes through the interior of the light-recycling envelope 602, exits through light 
output aperture 604 and enters the input surface of light-collimating element 620. Light ray 642 
is reflected by the sides of light-collimating element 620, exits light-collimating element 620 and 
enters surface 272 of beam-splitting prism polarizer 252. Light ray 642 of a second polarization 
state passes through the partially reflecting diagonal surface 254 without reflection and exits the 
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beam-splitting prism polarizer 252 through surface 630. Light ray 642 is reflected by reflector 
63 8, is refracted by right-angle prism 634 and exits illumination system 600 as light of a second 
polarization state. 

[0119] Light ray 650 of a first polarization state is emitted from surface 1 12 of emitting layer 
108 of LED 106, passes through the interior of the light-recycling envelope 102 and is reflected 
by light-recycling envelope 102. Light ray 650 passes through the interior of light-recycling 
envelope 102, exits through light output aperture 104 and enters the input surface of light- 
collimating element 162. Light ray 650 passes through light-collimating element 162 without 
reflection and enters surface 270 of beam-splitting prism polarizer 252. Light ray 650 of a first 
polarization state is reflected by the partially reflecting diagonal surface 254 into light- 
collimating element 620. Light ray 650 passes through light-collimating element 620 without 
reflection, exits the light-collimating element 620 and enters the light-recycling envelope 602 as 
recycled light. 

[0120] Light ray 652 of a second polarization state is emitted from surface 1 12 of emitting 
layer 108, passes through the interior of the light-recycling envelope 102, exits through light 
output aperture 104 and enters the input surface of light-collimating element 162. Light ray 652 
is reflected by the sides of light-collimating element 162, exits light-collimating element 162 and 
enters surface 270 of beam-splitting prism polarizer 252. Light ray 652 of a second polarization 
state passes through the partially reflecting diagonal surface 254 without reflection and exits the 
beam-splitting prism polarizer 252 through surface 274. Light ray 652 is reflected by reflector 
636, is refracted by right-angle prism 634 and exits illumination system 600 as light of a second 
polarization state. 

[0121] In FIGS. 3-8, the light source is positioned inside the light-recycling envelope and the 
light-recycling envelope encloses the light source. It is also within the scope of this invention 
that a part of the light source may be located outside the light- recycling envelope. In such cases, 
the light-recycling envelope partially encloses the light source but does not enclose the entire 
light source. An example of an illumination system 300 where a part of the light source is 
located outside the light-recycling envelope is shown in the cross-sectional views in FIGS. 9 A 
and 9B. 

[0122] The cross-section of the illumination system 300 shown in FIGS. 9A and 9B has a 
first side, a second side, a third side and a fourth side. Illumination system 300 is similar to 
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illumination system 100 except that the light source for illumination system 300 further 
comprises a light guide 316 in addition to an LED 306. Both the LED 306 and the light guide 
316 are located on the fourth side. LED 306 is located outside the light-recycling envelope. 
Illumination system 300 also comprises a light-recycling envelope 302 and a light output 
aperture 304 located on the first side of the illumination system. The characteristics and 
properties of LED 306, the light-recycling envelope 302 and the light output aperture 304 are 
identical to the characteristics and properties of the respective elements in illumination system 
100. 

[0123] LED 306 has a maximum intrinsic source radiance that is determined by measuring 
an identically constructed LED that is not associated with a light guide and with a light-recycling 
envelope. 

[0124] Light guide 316 is located on the fourth side of the illumination system and has an 
input surface 318 adjacent to surface 312 of emitting layer 308 of LED 306 and an output surface 
320 located inside the light-recycling envelope 302. Preferably the area of the input surface 318 
is greater than the area of surface 312 of the LED 306 so that substantially all of the light emitted 
through the surface 312 of LED 306 will enter light guide 316. Preferably there is gap between 
surface 312 of LED 306 and input surface 318 of light guide 316 and preferably the refractive 
index of the gap is less than the refractive index of the light guide. If such a gap exits and the 
gap has a refractive index sufficiently smaller than the refractive index of the light guide, light 
emitted from surface 312 at large angles, i.e. angles greater than about 45 degrees from the 
direction perpendicular to surface 312, will still be accepted into light guide 316, will be guided 
by the light guide at angles less than about 45 degrees to the direction perpendicular to surface 
318 and will be directed into the light-recycling envelope. Conversely, if no gap exits between 
surface 312 and surface 318, light emitted from surface 312 at angles greater than about 45 
degrees from the direction perpendicular to surface 312 probably will not be guided by light 
guide 316 into the light-recycling envelope 302 and probably will be lost. 
[0125] Light guide 316 transports light emitted by emitting layer 308 of LED 306 from LED 
306 into the light-recycling envelope 302. In addition, light guide 316 transports part of the light 
that is in the light-recycling envelope 302 back to the reflecting layer 310 of LED 306 as 
recycled light. And finally, light guide 316 transports the recycled light reflected by the 
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reflecting layer 310 back into the light-recycling envelope. Recycled light reflected from 
reflecting layer 310 will increase the effective brightness of LED 306. 
[0126] The total light-emitting area of LED 306 is area A s . As previously discussed, the 
reflectivity Rs of the reflecting layer 310 is preferably at least 50%. More preferably, the 
reflectivity Rs is at least 70%. Most preferably, the reflectivity Rs is at least 90%. Also noted 
previously, the reflectivity Re of the light-recycling envelope 302 is preferably at least 50%. 
More preferably, the reflectivity R E is at least 70%. Most preferably, the reflectivity R E is at 
least 90%. The total output aperture area of output aperture 304 is area A 0 . In illumination 
system 300, when A 0 is less than A s and when R s and R E are each greater than 50%, it is 
possible for the maximum exiting radiance of illumination system 300 to be greater than the 
maximum intrinsic source radiance of LED 306. 

[0127] Example rays 322 and 330 in FIGS. 9A and 9B illustrate the function of light guide 
316. Light ray 322 is emitted through surface 312 of emitting layer 308 of LED 306. Light ray 
322 passes through the gap between surface 312 and 318 and enters light guide 316 through 
surface 318. Light ray 322 passes through light guide 316, reflecting from a side of light guide 
316, and exits light guide 316 through surface 320, which is located inside the light-recycling 
envelope 302. Light ray 322 passes through the interior of light-recycling envelope 302 to the 
light-recycling envelope 302, is reflected by the light-recycling envelope, passes through the 
interior of the light-recycling envelope and exits illumination system 300 through light output 
aperture 304. 

[0128] In FIG. 9B, light ray 330 is emitted through surface 312 of emitting layer 308 of LED 
306 in a first time period. Light ray 330 passes through the gap between surface 312 and 318 
and enters light guide 316 through surface 318. Light ray 330 passes through light guide 316, 
reflecting from the side of light guide 316, and exits light guide 316 through surface 320, which 
is located inside light-recycling envelope 302. Light ray 330 passes through the interior of light- 
recycling envelope 302 and is reflected and recycled back to the light source by the light- 
recycling envelope on the second side. Light ray 330 passes through the interior of light- 
recycling envelope 302 to surface 320 of light guide 316. Light ray 330 passes through light 
guide 316 without reflection, passes through surface 318 of light guide 316, passes through 
surface 312 and emitting layer 308 a first time, is reflected by reflecting layer 310 and passes 
through emitting layer 308 and surface 312 a second time and in a second time period. Light ray 
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330 re-enters light guide 316 through surface 318, passes through light guide 316 without 
reflection, and exits light guide 316 through surface 320. Light ray 330 then passes through the 
interior of the light-recycling envelope and exits illumination system 300 through light output 
aperture 304. 

[0129] When light ray 330 passes through surface 312 of emitting layer 308 a second time 
and in a second time period, light 330 adds to light concurrently being emitted by emitting layer 
308 of LED 306 in the second time period. Light ray 330 increases the effective radiance of 
LED 306 and increases the maximum exiting radiance of illumination system 300. 
[0130] The light guide 316 may be constructed from any solid material that is transparent to 
light and that transports light by total internal reflection. Possible materials include inorganic 
glasses such as silicon dioxide and plastics such as polymethymethacrylate and fluoroacrylates. 
If LED 306 emits light in a Lambertian or near- Lambertian output angular distribution, a light 
guide 316 that guides light by total internal reflection may need to be a straight light guide in 
order to prevent light leakage from the sides of the light guide. The light guide 316 may also be 
a solid or hollow structure where the sides, but not the ends, of the light guide are coated with a 
light-reflecting material. If the sides of the light guide 316 are coated with a reflective material, 
the light guide 316 may also be a curved light guide and still efficiently transport light emitted by 
a Lambertian emitter. 

[0131] The embodiments of this invention illustrated in FIGS. 3-9 are illustrated with one 
LED as the light source. However, embodiments of this invention may incorporate more than 
one LED. FIGS. 10A, 10B and 10C illustrate an illumination system 400 that has a light source 
consisting of two LEDs, LED 406a and LED 406b, which both emit and reflect light. FIG. 10A 
is a top external view of illumination system 400 showing the edge of light-recycling envelope 
402 and the light output aperture 404 as solid lines in the figure. FIG. 1 0B is a cross-section 
viewed along the I-I plane indicated in FIG. 10A. FIG. 10C is a cross-section viewed along the 
II-II plane indicated in FIG. 10A. The characteristics and properties of the elements LED 406a, 
LED 406b, the light-recycling envelope 402 and the light output aperture 404 are identical to the 
characteristics and properties of the respective elements in illumination system 100. As stated 
previously, the light-recycling envelope may have any three-dimensional shape that encloses an 
interior volume. Preferably the three-dimensional shape of the light-recycling envelope is a 
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facetted surface with flat sides in order to facilitate the attachment of LEDs to the inside surfaces 
of the envelope. The cubical shape of illumination system 400 is for illustration purposes only. 
[0132] The square cross-sectional shape of illumination system 400 shown in FIG. 10C has a 
first side containing the light output aperture 404, a second side, a third side and a fourth side. 
The first side is opposite and parallel to the third side. The second side is opposite and parallel to 
the fourth side. The first side and third side are perpendicular to the second side and fourth side. 
The four sides of the illumination system shown in cross-section in FIG. 10C plus the two 
remaining sides (not shown in FIG. 10C) of the six-sided cube form the interior of the light- 
recycling envelope. 

[0133] Illumination system 400 has an LED 406a on the fourth side and an LED 406b on the 
second side. The two LEDs may emit light in the same wavelength range or the two LEDs may 
emit light in different wavelength ranges. For example, LED 406a may emit a first light flux of a 
first wavelength range. LED 406b may concurrently emit a second light flux of a second 
wavelength range, different than the first wavelength range. A fraction of the first light flux of a 
first wavelength range and a fraction of the second light flux of a second wavelength range exit 
the light output aperture 404 as light of a composite color. If the first light flux of a first 
wavelength range is held constant and the second light flux of a second wavelength range is 
changed by changing the electrical power driving LED 406b, the composite color exiting the 
light output aperture 404 will change. 

[0134] If the composite color exiting the light output aperture 404 is white light, the quality 
of the white light can be changed by varying the ratio of the first light flux of a first wavelength 
range to the second light flux of a second wavelength range exiting from the light output 
aperture. The quality of the white light can be described by a color-rendering index. A color- 
rendering index of 100 indicates that the white light shining on a colored surface will reproduce 
the surface colors as seen by the human eye in an identical manner as light from the sun shining 
on the surface. A color-rendering index less than 100 indicates that the white light shining on a 
colored surface will give an apparent surface color that appears different to the human eye than 
the color seen by the human eye using sunlight. By changing the electrical power driving one of 
the LEDs, the ratio of the first light flux of a first wavelength range to the second light flux of a 
second wavelength range can be varied. By varying this ratio, the color-rendering index of the 
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light exiting the light output aperture can also be varied in order to achieve the maximum value 
allowed for the combination of the two wavelength ranges. 

[0135] Alternatively, LED 406a and LED 406b may emit light in different wavelength 
ranges at different times. For example, a first LED 406a may emit light of a first wavelength 
range in a first time period and a fraction of the light of a first wavelength range exits the light 
output aperture 404 in the first time period. In the first time period, LED 406b does not emit 
light. The second LED 406b may emit light of a second wavelength range, different than the 
light of a first wavelength range, in a second time period, different than the first time period, and 
a fraction of the light of a second wavelength range exits the light output aperture 404 in the 
second time period. The second time period does not overlap the first time period. In the second 
time period, LED 406a does not emit light. The first time period and the second time period are 
then repeated to produce light that alternates in color. 

[0136] As in illumination system 100, part of the light emitted by the light source in 
illuminations system 400, in this case the two LEDs, is reflected and recycled back to the light 
source by the light-recycling envelope. This recycled light increases the effective brightness of 
the light source. The reflectivity of the light-recycling envelope is R E . The reflectivity of 
reflecting layer 410a of LED 406a and reflecting layer 410b of LED 406b is R s . The preferred 
values for R E and Rs for illumination system 400 are identical to the preferred values listed 
previously for illumination system 100. Ideally, R E and Rs should be as close to 100% as 
possible in order to maximize the efficiency and the maximum exiting radiance of the 
illumination system. 

[0137] Recycling light emitted from a single LED back to the LED can increase the effective 
brightness of the LED. When the light source consists of two or more LEDs inside the light- 
recycling envelope, the effective brightness of the light source may also be increased when light 
of one LED is directed to and reflected by another LED, i.e. when light emitted by one part of 
the light source is recycled back to another part of the light source. Light rays 416 and 418 in 
FIG. 10C illustrate this effect. Light ray 416 is emitted from surface 412a of emitting layer 408a 
of LED 406a. Light ray 416 passes through the interior of the light-recycling envelope, is 
transmitted through surface 412b and emitting layer 408b of LED 406b and is reflected by 
reflecting layer 410b. Light ray 416 passes through emitting layer 408b and surface 412b a 
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second time and reenters the interior of the light-recycling envelope 402. When light ray 416 
emitted by LED 406a is reflected by LED 406b, it increases the effective radiance of LED 406b. 
[0138] Light ray 41 8 is emitted from surface 412b of emitting layer 408b of LED 406b. 
Light ray 418 passes through the interior of the light-recycling envelope, is transmitted through 
surface 412a and emitting layer 408a of LED 406a and is reflected by reflecting layer 410a. 
Light ray 418 passes through emitting layer 408a and surface 412a a second time and reenters the 
interior of the light-recycling envelope 402. When light ray 418 emitted by LED 406b is 
reflected by LED 406a, it increases the effective radiance of LED 406a. 
[0139] The total light-emitting area of the light source is area A s . In this embodiment, the 
light source consists of two LEDs, so the total light-emitting area As of the light source is the 
combined light-emitting area of the two LEDs. The light source emits light with a maximum 
intrinsic source radiance. As stated previously, the maximum intrinsic source radiance is 
determined by measuring the radiance for each LED in the light source when the light-recycling 
envelope is not present and when no other LED is directing light to the LED under measurement. 
The measurements are done with each LED powered at the same level as in illumination system 
400 and are done as a function of emitting angle. Then from these radiance measurements, a 
maximum radiance value can be determined. This maximum value is defined as the maximum 
intrinsic source radiance. 

[0140] The total light output aperture area is area Ao- Illumination system 400 has only one 
light output aperture 404, which therefore has area A 0 . If A 0 is less than A s and R E and R s are 
each greater than 50% in illumination system 400, then it is possible for the maximum exiting 
radiance of illumination system 400 to be greater than the maximum intrinsic source radiance of 
the light source. 

[0141] FIGS. 1 1 A, 1 IB and 1 1C illustrate illumination system 500, which has a light source 
comprised of four LEDs, which are labeled LED 506a, LED 506b, LED 506c and LED 506d. 
Illumination system 500 is also comprised of light-recycling envelope 502 and light output 
aperture 504. The characteristics and properties of the elements LED 506a, LED 506b, LED 
506c, LED 506d, light-recycling envelope 502 and light output aperture 504 are identical to the 
characteristics and properties of the respective elements in illumination system 100. However, 
each LED may emit light of a first wavelength range or each LED may emit light in different 
wavelength ranges. When the light source is comprised of four LEDs, there can be up to four 
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wavelength ranges emitted by the light source. The up to four wavelength ranges can be emitted 
concurrently or the up to four wavelength ranges can each be emitted in different time periods. 
[0142] In general, an illumination system may contain any number of LEDs on the inside 
surface of the light-recycling envelope as long as the LEDs do not overlap each other and do not 
overlap the light output aperture. The LEDs may cover the entire inside surface of the light- 
recycling envelope with the exception of the area of the light output aperture. 
[0143] The reflectivity of the light-recycling envelope 502 is R E . The reflectivity of 
reflecting layers 510a of LED 506a, 510b of LED 506b 5 510c of LED 506c and 510d of LED 
506d is Rs. The preferred values for R E and Rs for illumination system 500 are identical to the 
preferred values listed previously for illumination system 100. Ideally, R E and R s should be as 
close to 100% as possible in order to maximize the efficiency and the maximum exiting radiance 
of the illumination system. 

[0144] The total light-emitting area of the light source is area A s . In illumination system 
500, the light source consists of four LEDs, so the total light-emitting area A s of the light source 
is the combined light-emitting area of the four LEDs. The light source has a maximum intrinsic 
source radiance. The method for determining the maximum intrinsic source radiance has been 
described previously. 

[0145] The total light output aperture area is area Ao Illumination system 500 has only one 
light output aperture 504, which therefore has area Ao- If Ao is less than As and R E and Rs are 
each greater than 50% in illumination system 500, then it is possible for the maximum exiting 
radiance of illumination system 500 to be greater than the maximum intrinsic source radiance of 
the light source. 

[0146] Another embodiment of this invention is illumination system 700 shown in FIGS. 
12A and 12B. The light source in illumination system 700 is comprised of twelve LEDs, which 
are labeled LED 706a, LED 706b, LED 706c, LED 706d, LED 706e, LED 706f, LED 706g, 
LED 706h, LED 706i, LED 706j, LED 706k and LED 7061. Illumination system 700 is also 
comprised of light-recycling envelope 702 and light output aperture 704. The characteristics and 
properties of the LEDs, the light-recycling envelope 702 and light output aperture 704 are 
identical to the characteristics and properties of the respective elements in illumination system 
100. However, each LED may emit light of a first wavelength range or each LED may emit light 
in different wavelength ranges. When the light source is comprised of twelve LEDs, there can be 
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up to twelve wavelength ranges emitted by the light source. The up to twelve wavelength ranges 
can be emitted concurrently or the up to twelve wavelength ranges can each be emitted in 
different time periods. 

[0147] The light-recycling envelope 702 has a rectangular three-dimensional shape with two 
square ends as seen in FIGS. 12A and 12B. The light output aperture 704 is centered in one of 
the square ends. Each of the four rectangular sides contains three LEDs. The left side shown in 
FIG. 12B contains LED 706a, LED 706e and LED 706i. The right side shown in FIG. 12B 
contains LED 706c, LED 706g and LED 706k. The other two rectangular sides, each containing 
three LEDs, are not illustrated. 

[0148] The reflectivity of the light-recycling envelope 702 is R E . The reflectivity of 
reflecting layers 710a of LED 706a, 710b of LED 706b, 710c of LED 706c, 710d of LED 706d, 
710e of LED 706e, 71 Of of LED 706f, 710g of LED 706g, 71 Oh of LED 706h, 710i of LED 706i, 
710j of LED 706j, 710k of LED 706k and 7101 of LED 7061 is R s . The preferred values for R E 
and R s for illumination system 700 are identical to the preferred values listed previously for 
illumination system 100. Ideally, R E and R s should be as close to 100% as possible in order to 
maximize the efficiency and the exiting radiance of the illumination system. 
[0149] The total light-emitting area of the light source is area A s . In illumination system 
700, the light source consists of twelve LEDs, so the total light-emitting area As of the light 
source is the combined light-emitting area of the twelve LEDs. The light source has a maximum 
intrinsic source radiance. The method for determining the maximum intrinsic source radiance 
has been described previously. 

[0150] The total light output aperture area is area A<> Illumination system 700 has only one 
light output aperture, which therefore has area A 0 . If A 0 is less than A s and R E and R s are each 
greater than 50% in illumination system 700, then it is possible for the maximum exiting 
radiance of illumination system 700 to be greater than the maximum intrinsic source radiance of 
the light source. 

[0151] The following EXAMPLES are presented to further explain the embodiments of this 
invention. 
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EXAMPLE 1 

[0152] A computer simulation program is used to model the relative output radiance, the 
relative output luminance and the overall output efficiency of an illumination system that has a 
light source comprised of twelve identical LEDs inside a light-recycling envelope. Each LED 
has dimensions of 2 mm x 2 mm, a total light-emitting area of 4 mm 2 and emits 0.2 watts or 1 1 
lumens of light at 450 nm, The value of 1 1 lumens is calculated from the value in watts 
assuming a conversion factor of 55 lumens per watt at 450 nm. Each LED has a maximum 
intrinsic radiance, Radiancei. The maximum intrinsic radiance of an LED is determined by 
measuring an identically constructed LED that is not enclosed in a light-recycling envelope and 
that is not reflecting light from any of the other LEDs. Since all the LEDs are equivalent, the 
maximum intrinsic radiance of one LED is equal to the maximum intrinsic radiance of the light 
source. Each LED is assumed to have a Lambertian output light distribution. The total light- 
emitting area A s of the twelve LEDs is 48 mm 2 and the total emitted 450-nm light flux from the 
twelve LEDs is 2.4 watts or 132 lumens. The three-dimensional, rectangular, light-recycling 
envelope has a square cross-section with inside dimensions of 2.8 mm x 2.8 mm, inside length of 
9 mm and a total inside area of 1 16.48 mm 2 . The total inside area includes the total light- 
emitting area of the twelve LEDs and the area of the output aperture. The light output aperture 
of the light-recycling envelope has an area Ao of 4.8 mm 2 so that Ao/A s equals 0.10, i.e. the area 
of the light output aperture is 10% of the total light-emitting area of the LEDs. If the light- 
recycling envelope has no losses (i.e. if the light reflectivity of the LEDs and the inside reflecting 
surfaces of the light-recycling envelope are 100%), the output radiance will be 10 times the 
radiance of the LEDs and the output efficiency will be 100%. However, the actual light- 
recycling envelope will have a light reflectivity less than 100% and will have losses. For 
simplicity, the specular reflectivity R s of the LEDs is assumed to be identical in magnitude to the 
diffuse reflectivity Re of the inside surfaces of the light-recycling envelope that are not covered 
by the LEDs. In the calculations, the reflectivity Rs and the reflectivity R E are varied, having 
values of 40%, 50%, 60%, 70%, 80%, 90%, or 98%. The results are shown below in TABLE 1. 
The ratio, Radianceo/Radiancei, of the output radiance, Radiance 0j to the intrinsic radiance, 
Radiancei, of the LEDs indicates the radiance enhancement resulting from light recycling. The 
calculated efficiency is the percentage of light flux generated by the LEDs that passes through 



40 



the output aperture. The remainder of the light flux is lost due to absorption by the LEDs and the 
light-recycling envelope. 

[0153] The computer modeling results indicate that when R s and R E equal 50% or less, there 
is no radiance enhancement (Radiance 0 /Radiancei is less than 1) and the efficiency is low (less 
than 10%). As the reflectivity of the LEDs and the light-recycling envelope increases, the 
radiance enhancement and the efficiency increase. When R s equals 98% and R E equals 98%, the 
radiance enhancement factor of 6.87 indicates that the output radiance from the light output 
aperture of the illumination system is 6.87 times larger than the maximum intrinsic radiance of 
the light source. 



TABLE 1 













Radiance 


Area 


Source 


Light-recycling 




Total light 


enhancement 


ratio 


Rs 


envelope R E 


Efficiency 


flux out 


(Radiance 0 / 


Ao/As 


(%) 


(%) 


(%) 


(watts) 


Radiance i) 


0.10 


40 


40 


7.9 


0.19 


0.79 


0.10 


50 


50 


9.2 


0.22 


0.91 


0.10 


60 


60 


10.8 


0.26 


1.08 


0.10 


70 


70 


13.8 


0.33 


1.38 


0.10 


80 


80 


19.2 


0.46 


1.89 


0.10 


90 


90 


31.1 


0.75 


3.11 


0.10 


98 


98 


68.7 


1.65 


6.87 
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EXAMPLE 2 

[0154] The illumination system in EXAMPLE 2 is identical to EXAMPLE 1 except that the 
diffuse reflectivity R E of the inside surfaces of the light-recycling envelope is held constant at 
98% and the specular reflectivity R s of the LEDs is varied from 5% to 98%. In this example, a 
computer simulation program is used to calculate the relative output radiance and the overall 
output efficiency of an illumination system that has a light source comprised of twelve identical 
LEDs inside a light-recycling envelope. The dimensions of the light-recycling envelope are 
listed in EXAMPLE 1 . Each LED has a maximum intrinsic radiance, Radiancei, which is equal 
to the maximum intrinsic radiance the light source. The maximum intrinsic radiance is 
determined as in EXAMPLE 1 . The light output aperture of the light-recycling envelope has an 
area A 0 of 4.8 mm 2 so that A 0 /A s equals 0.10, i.e. the area of the light output aperture is 10% of 
the total area of the LEDs. The ratio, Radianceo/Radiancei, of the output radiance, Radiance 0 , to 
the intrinsic radiance, Radiancei, of the LED sources indicates the radiance enhancement 
resulting from light recycling. The calculated efficiency is the percentage of light flux generated 
by the LEDs that passes through the output aperture. The remainder of the light flux is lost due 
to absorption by the LEDs and the light-recycling envelope. The results are shown below in 
TABLE 2. The computer modeling results indicate that for Rs equal to 10% or less and R E equal 
to 98%, there is no radiance enhancement (Radiance 0 /Radiancei is less than 1) and the efficiency 
is relatively low (less than 10%). Note that typical blackbody or gray body light sources have 
low reflectivity (less than 10%), and the results in this EXAMPLE indicate that such sources are 
not suitable for use in this invention. As the reflectivity of the sources increases, the radiance 
enhancement and the efficiency increase. When R s equals 98% and R E equals 98%, the radiance 
enhancement factor of 6.87 indicates that the maximum exiting radiance from the light output 
aperture of the illumination system is 6.87 times larger than the maximum intrinsic radiance of 
the LEDs. 
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TABLE 2 













Radiance 


Area 


Source 


Light-recycling 




Total light 


enhancement 


ratio 


Rs 


envelope Re 


Efficiency 


flux out 


(Radianceo/ 


A 0 /As 


(%) 


(%) 


(%) 


(watts) 


Radiance i) 


0.10 


5 


98 


9.3 


0.22 


0.93 


0.10 


10 


98 


9.7 


0.23 


0.97 


0.10 


20 


98 


10.8 


0.26 


1.08 


0.10 


30 


98 


12.4 


0.30 


1.24 


0.10 


40 


98 


13.9 


0.33 


1.39 


0.10 


50 


98 


16.2 


0.39 


1.62 


0.10 


60 


98 


19.2 


0.46 


1.92 


0.10 


70 


98 


23.7 


0.57 


2.37 


0.10 . 


80 


98 


31.1 


0.75 


3.11 


0.10 


90 


98 


44.2 


1.06 


4.42 


0.10 


98 


98 


68.7 


1.65 


6.87 



[0155] While the invention has been described in conjunction with specific embodiments and 
examples, it is evident to those skilled in the art that many alternatives, modifications and 
variations will be apparent in light of the foregoing description. Accordingly, the invention is 
intended to embrace all such alternatives, modifications and variations as fall within the spirit 
and scope of the appended claims. 
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